The transcription factors, GATA-1, -2 and -3 play essential roles in the differentiation of haematopoietic cells. To study the process of blood formation during vertebrate development we have used the expression of these GATA factors to locate haematopoietic cells in Xenopus embryos and to act as sensors for the effects of all-tram retinoic acid (RA), a signalling molecule which influences both anteroposterior patterning and haematopoietic differentiation. GATA factor expression was detected in the leading edge of the gastrulating mesoderm, in the ventral blood island (VBI) and dorsolateral plate (DLP) mesoderms and in a population of cells between the VBI and DLP The VBI contributes to both embryonic and adult blood, whereas the DLP contains precursors of adult blood only, which have not been identified previously with molecular markers. The possibility that the GATA-Zexpressing cells between the VBI and DLP were haematopoietic progenitors migrating from the VBI to the DLP was ruled out by transplantation analysis. Differential effects of RA on the expression of GATA-1 and GATA-2 suggest that RA has a direct action on haematopoietic differentiation, rather than on the formation of haematopoietic mesoderm.
Introduction
Little is known about the specification of haematopoietic tissue during vertebrate embryogenesis.
In the amphibian, Xenopus laevis, blood is thought to arise from two sources within the early embryo, the ventral blood island (VBI) mesoderm and the dorsolateral plate (DLP) mesoderm. Transplantation studies suggest that the ventral mesoderm gives rise to the embryonic and the adult blood, whilst the DLP contributes exclusively to adult haematopoiesis (Kau and Turpen, 1983; Maeno et al., 1985a) . Thus, the induction and patterning of the mesoderm, which occur during early embryogenesis, are key events in the specification of and distinction between, these haematopoietic lineages.
Evidence suggests that signalling molecules mediate mesodermal induction and patterning (Smith, 1993; Slack, 1994) . Therefore, one strategy for elucidating how * Corresponding author. Tel.: +44 171 465 5349; fax: +44 171 4979078.
these processes relate to the molecular events underlying the specification of the haematopoietic mesoderm is to study the effects that candidate signalling molecules have on the expression of genes participating in the haematopoietic programme. This approach has already proved fruitful, revealing that noggin and activin, candidate signalling molecules with dorsalising activity, can repress transcription of the GATA-2 gene in dorsal regions (Walmsley et al., 1994) .
The GATA family of transcription factors are zincfinger-containing proteins that bind the consensus nucleotide sequence, WGATAR, which is found in the promoters or enhancers of an increasing number of tissuespecific genes, including many expressed in haematopoietic lineages (Yamamoto et al., 1990; Orkin, 1992; Laverriere et al., 1994) . Experiments in which the GATA-1 or GATA-2 genes were inactivated by mutation in transgenic mice suggest that both transcription factors play an essential role in the generation of the erythroid lineage, with GATA-2 acting at an earlier point in haematopoiesis than GATA-1 and affecting the production of all blood lineages (Pevny et al., 1991; Simon et al., 1992; Tsai et al., 1994) . The fact that GATA-2 acts early in murine haematopoiesis is consistent with its expression both in early Xenopus embryos and in mammalian haematopoietic progenitors (Zon et al., 1991; Briegel et al., 1993; Mouthon et al., 1993; Walmsley et al., 1994) . In contrast, GATA-1 appears to have a role later in haematopoiesis (Pevny et al., 1991) . Thus, GATA-2 and GATA-1 are useful probes for studying early and late haematopoiesis, respectively. Unlike GATA-1 and GATA-2, which are involved in both embryonic and adult haematopoiesis (Simon et al., 1992; Tsai et al., 1994; Weiss et al., 1994; Pevny et al., 1995) , GATA-3 is involved only in adult haematopoiesis (Yamamoto et al., 1990) .
Both GATA-1 and GATA-2 have previously been used to locate the haematopoietic tissue present in the ventral mesoderm of Xenopus (Kelley et al., 1994; Walmsley et al., 1994) . However, neither study detected expression in the DLP region (equivalent to the intraembryonic haematopoietic compartment of the chick and mouse), which transplantation studies have shown contains precursors of the adult haematopoietic system (Maeno et al., 1985a) . The origin of these precursors of the adult blood in vertebrates is controversial and it is not clear whether they arise de novo in the intra-embryonic compartment or migrate into this compartment from another region, such as the extra-embryonic haematopoietic compartment (the VBI in Xenupus) (Moore and Metcalf, 1970; Dieterlen-Lievre, 1975; Beaupain et al., 1979; Dieterlen-Lievre and Martin, 1981; Maeno et al., 1985a; Medvinsky et al., 1993; Muller et al., 1994) .
Whilst noggin and activin are implicated in the patterning of the dorsoventral axis, retinoic acid (RA) is thought to be involved in the specification of the anteroposterior axis (reviewed in Slack and Tannahill, 1992) . In Xenopus, formation of the anteroposterior (A/P) axis is thought to occur primarily during gastrulation when the dorsal mesoderm acquires A/P polarity (Gerhart and Keller, 1986; Gerhart et al., 1989) . During gastrulation, endogenous, active retinoids are present in a concentration gradient along the A/P axis, with the highest level at the posterior end . Furthermore, treatment of embryos during blastula and gastrula stages with RA results in concentration-dependent perturbations of the AIP axis (affecting both mesodermal and ectodermal tissues) (Durston et al., 1989; Sive et al., 1990; Papalopulu et al., 1991; Ruiz i Altaba and Jessell, 1991) . These perturbations are accompanied by a decrease in the expression of some anteriorly expressed genes and an increase in the expression of at least one posteriorly expressed gene (Sive et al., 1990) .
One gene whose expression has been reported to decrease after RA treatment is cr-globin (Sive and Cheng, 1991) , which is expressed during terminal erythroid differentiation of the VBI. This decrease may be due to RA resetting the A/P coordinates and thereby altering the specification of haematopoietic mesoderm. However, RA has also been implicated in the regulation of gene expression, lineage choice and differentiation within haematopoietic progenitors. Purified human haematopoietic progenitor cells cultured in conditions that normally support unilineage erythroid differentiation undergo a dramatic shift from erythroid to granulocytic colony formation accompanied by a marked decrease in GATA-1 expression when treated with RA (Labbaye et al., 1994) . In addition, RA treatment of cells of the promyelocytic leukaemia line, HL-60, induces their terminal neutrophilic differentiation (Breitman et al., 1980; Evans, 1988; Collins et al., 1990) . Further evidence for the involvement of RA in haematopoietic differentiation comes from the identification in acute promyelocytic leukaemias (APL) of reciprocal chromosomal translocations involving the retinoic acid receptor a gene (Chen et al., 1993; Grignani et al., 1993) . Thus, disruption of a transcription factor that is involved in RA-mediated gene expression is associated with abnormal myeloid differentiation.
In this study, we show that GATA-2 mRNA is expressed in the leading edge of gastrulating ventral mesoderm and, along with GATA-3, in the DLP mesoderm at tailbud stage. These are two regions thought to contain haematopoietic tissue, but in which gene expression associated with haematopoiesis has not previously been detected. In addition, we detect GATA-Zexpressing cells between the VBI and the DLP of tailbud stage embryos. To determine if these represent cells migrating from the VBI to the DLP before the onset of circulation we carried out transplantation studies which demonstrated that neither the GATA-Zexpressing cells between the VBI and the DLP, nor the overwhelming majority of the GATA-2-expressing cells in the DLP are derived from the VBI. During the time prior to the onset of circulation, the cells of the VBI but not those of the DLP differentiate to the GATA-1 and globin-expressing stages. We have investigated whether RA represses globin expression in Xenopus embryos either by altering the A/P patterning of the mesoderm or by directly perturbing haematopoiesis. Our approach has been to ask how GATA-2 and GATA-1, which are expressed earlier in haematopoiesis than globin, are affected by the RA treatment. We show that RA suppresses GATA-1, but not GATA-2, transcription in the VBI. GATA-2 expression in the DLP is also not repressed. This suggests that in RA-treated embryos, the haematopoietic tissue of the mesoderm is formed normally but subsequent erythropoiesis is perturbed.
Results

GATA-2 is expressed in tissues with haematopoietic potential, in head and heart mesoderm and in the central nervous system
Previously, the only region with haematopoietic po-tential that has been shown to express GATA-2 is the ventral mesoderm of the ventral blood islands (Kelley et al., 1994; Walmsley et al., 1994) . We detected GATA-2 expression in VBI precursors from stage 19 (late neurula). At earlier stages, we could only detect very low levels of GATA-2 mRNA throughout the ventral and lateral mesoderm, the majority of expression being in the inner ectoderm (Walmsley et al., 1994) . Using an improved whole mount in situ hybridisation protocol (Barth and Ivarie, 1994) we have now repeated the analysis of the expression of GATA-2 during early Xenopus development (Figs. l-3 ). This reveals two hitherto undetected expression domains with direct relevance to haematopoiesis.
The first of these domains is observed during gastrulation, at the onset of zygotic GATA-2 transcription (Zon et al., 1991; Walmsley et al., 1994) . Although the strongest expression is in the ectoderm (Figs. lA,B and 2), there is also a mesodermal domain of expression, revealed in sectioned whole mounts (Fig. 2) . During early/mid gastrula stages, GATA-2 is expressed as a 'ring' in a subset of the invaginated mesoderm ( Fig. 2A-E ). This ring of GATA-2-positive mesoderm appears to represent the entire leading edge of the migrating mesoderm (i.e. dorsal, lateral and ventral mesoderm) which is fated to form the head mesoderm, heart and blood islands (Keller, 1976) . Experiments in Xenopus and chickens suggest that commitment to embryonic erythropoiesis has occurred by the end of gastrulation (Slack and Forman, 1980; Groudine and Weintraub, 1981; Green et al., 1990; Maeno et al., 1992 Maeno et al., , 1994 and GATA-2 expression in gastrulating ventral mesoderm may reflect this. Towards the end of gastrulation (stage 12.5; Figs. 1B and 2F), mesodermal GATA-2 expression predominates in the dorsal anterior mesoderm (the presumptive prechordal plate) and is down-regulated in the remainder of the mesodermal leading edge. Thus, expression in the presumptive haematopoietic tissue during gastrulation is only transient.
The second previously unreported expression domain of GATA-2 is in the DLP mesoderm of tailbud stage embryos (thick arrow in Fig. IF-H) . Transplantation studies have shown that this region contains cells of haematopoietic potential (Kau and Turpen, 1983; Maeno et al., 1985a) . Furthermore, in contrast to the ventral mesoderm which populates the embryonic and adult blood, haematopoietic cells in the DLP compartment contribute only to adult blood (Maeno et al., 1985a) . Thus, GATA-2-expressing cells in this region may be precursors of the adult blood. Expression is first detected in the DLP at stage 23124 (Fig. 1F ) and can be observed here until stage 27128 ( Fig. IG-H) , when it starts to disappear in an anteroposterior direction and is undetectable by stage 31/32 (Fig. 11 ). Sections through a stage 27/28 embryo show that the GATA-2-positive cells in the dorsolateral region are in the mesodermal layer (arrow Fig. 3D,F ; see also Figs. 4D,L, SB and 8D,E). GATA-2 expression in these cells precedes the formation of the pronephric duct, and furthermore, they appear as clusters rather than a continuous line, such that some sections are stained on one side of the embryo only (see Fig. 8D for example).
Close inspection of embryos between stages 23 and 28 reveals a number of GATA-2-expressing cells between the dorsal and ventral haematopoietic compartments (arrowheads in Fig. lF-H) . In order to determine if these were in the mesodermal layer, rather than residual signal in the ectodermal layer, sections were taken through this region in a stage 27128 embryo (Fig. 3D) . In addition to the GATA-Zexpressing cells in the DLP mesoderm (arrow), individual GATA-2-positive cells were detected in the mesoderm, ventral to the DLP (arrowheads).
After stage 27128, GATA-2 expression predominates in the head (Fig. lH-I ). Sections through this region of a stage 27/28 embryo ( Fig. 3A-C) show that expression is in mesenchymal cells above the eye (Fig. 3A ,B) and in ventral areas of the midbrain (Fig. 3A) and hindbrain ( Fig. 3B,C) . Sections taken more posteriorly show that GATA-2 expression also occurs in the ventral spinal cord (Fig. 3F ). The expression in the head is stronger in stage 31/32 embryos, with increased numbers of GATA-Z positive cells in the midbrain and in the mesenchyme around the eye (Fig. 11) . The strong expression in the midbrain is in agreement with studies in the chick (optic tectum) and in the mouse (lateral geniculate) (Engel et al., 1992) .
GATA-2 and GATA3 expression domains overlap in the DLP mesoderm
Transplantation studies have demonstrated that the DLP contains precursors of the adult haematopoietic system (Kau and Turpen, 1983; Maeno et al., 1985a) . Thus, the GATA-2-expressing cells detected in this region by whole mount in situ hybridisation may be haematopoietic precursors. To further test this hypothesis, we compared GATA-2 expression in the DLP with that of GATA-3, another gene expressed early in adult haematopoiesis (Mouthon et al., 1993) .
Whole mount in situ hybridisation of early tailbud (stage 24125) embryos probed for GATA-2 or GATA-3 mRNA alone shows DLP staining in approximately the same anteroposterior and dorsoventral position in the embryo (arrowheads, Fig. 4A ,E). Furthermore, whole mount in situ hybridisation of embryos probed for both GATA-2 and GATA-3 mRNAs do not have DLP staining that is wider dorsoventrally or longer anteroposteriorly than embryos probed for either GATA-2 or GATA-3 mRNA alone (arrowheads, Fig. 4A ,E,I). To ascertain if GATA-2 and GATA-3 mRNA are in the same layer of the mesoderm in the DLP region, we sectioned the,whole mounts. Sections of embryos probed for both GATA-2 and GATA-3 have DLP staining (arrowheads, Fig. 45 ) that extends neither wider dorsoventrally nor deeper into the embryo than the DLP staining in sections of the embryos probed for GATA-2 (expressed weakly, arrowhead, Fig.  4B ) or GATA-3 (arrowhead, Fig. 4F ) alone. Both GATA-2 and GATA-3 are expressed in the same, outer layer of the DLP mesoderm.
Whole mount in situ hybridisation of later, tailbud (stage 27128) embryos reveals that by this stage GATA-2 expression extends more posteriorly than GATA-3 expression in the DLP and that expression of GATA-2 in the anterior part of the DLP is very low (Fig. 4C,G) .
Comparison of the DLP staining in whole mounts probed for both GATA-2 and GATA-3 (arrowhead, Fig. 4K ) with those probed for GATA-2 (weak signal, arrowhead, Fig.  4C ) or GATA-3 alone (arrowhead, Fig. 4G ) show that in the anterior part of the DLP, GATA-2 and GATA-3 are expressed at the same dorsoventral position. Sections of embryos probed for GATA-2 (weak signal, arrowheads, Fig. 4D ) or GATA-3 (arrowheads, Fig. 4H ) indicate that they are both expressed in the same, outer layer of the mesoderm. A section of an embryo probed for GATA-2 with a digoxygenin-labelled probe (purple) and GATA-3 with a fluoroscein-labelled probe (turquoise) indicates that expression of GATA-2 and GATA-3 overlap in the DLP (Fig. 4L , right arrowhead). As both GATA-2 and GATA-3 are expressed very early in and are essential for adult haematopoiesis (Zon et al,, 1991; Mouthon et al., 1993; Tsai et al., 1994; Pandolfi et al., 1995) , the region of the DLP expressing these genes is very likely to contain the precursors of the adult haematopoietic lineages.
2.3. GATA-2-expressing cells in the DLP are not derived from the VBI 1994). In Xenopus, the DLP region has been shown to contain haematopoietic precursors that will give rise to adult blood (Maeno et al., 1985a) . However, the VBI of Xenopus also contributes to the adult blood (Maeno et al., 1985a; Rollins-Smith and Blair, 1990; Bechtold et al., 1992) and cells from the VBI have been reported in the DLP in haematopoietic foci (Maeno et al., 1985b) . These studies suggest the possibility that the precursors of the adult blood may arise in the VBI and then migrate to the DLP. Therefore, the GATA-2-expressing cells which we have detected between the VBI and DLP (Figs. lF-H,  3D) are of interest as they may represent haematopoietic cells migrating from the VBI to the DLP. To test this possibility, we conducted a transplantation study (described in Fig. 5A ). The ventral region (ectoderm, mesoderm and endoderm), containing the VBI, from embryos fluorescently labelled by previous injection with rhodamine-labelled dextran, was transplanted into the same region of uninjected embryos. Transplantations were performed once gastrulation movements had ceased and when delineation of the neural plate permitted reliable dorso-ventral distinction (stage 14). This allowed adequate time for healing before stage 23124, when GATA-Z positive cells are first detected in the DLP and between the DLP and the VBI. The chimaeric embryos were barvested at stage 27/28, subjected to whole mount in situ hybridisation using probes for GATA-2 and then sectioned. All sections of each chimaeric embryo were then examined by light microscopy to observe which cells were expressing GATA-2 and by fluorescent microscopy to identify which cells were derived from the fluorescently-labelled transplant.
The embryonic origin of the adult blood is controverIn every chimaeric embryo, many fluorescent cells not sial (Moore and Metcalf, 1970; Dieterlen-Eievre, 1975;  expressing GATA-2 migrated from the transplanted ven- Beaupain et al., 1979; Dieterlen-Lievre and Martin, 1981;  tral region into the tissues of the host embryo (e.g. large Maeno et al., 1985a; Medvinsky et al., 1993; Muller et al., arrowheads, Fig. 5D ,E). Most of these cells migrated into Fig. 1 . Expression of xGATA-2 throughout early Xenopus embryogenesis. Embryos were probed for GATA-2 mRNA by whole mount in situ hybridisation at stages 11 (A), 12.5 (B), 15/16 (C), 18/19 (D), 22/23 (E), 23/24 (F), 25/26 (G), 27/28 (H), and 31/32 (I). Just after the onset of its zygotic transcription during gastrulation, GATA-2 mRNA is localised to the presumptive ectodermal cells of the animal pole (A). From gastrula to neurula stages, transcripts can be detected ventrally and laterally in the ectoderm (B-E). As expression diminishes in the ectoderm, it is increasing in the VBI (thin, vertical arrow) and DLP (thick, horizontal arrow) areas (E,F). From stages 2304 to 27/28 GATA-Zexpressing cells (arrowheads) are visible between the VBI and the DLP. which may represent cells migrating between these sites (F-H). By stage 31/32 (I), tmnscription is detectable in only a few cells of the VBI and undetectable in the DLP, but is now established in the CNS, mesenchyme around the eye and branchial arches. (E) and the lower embryo in (G) are ventrolateral views to expose more of the ventral blood islands. Controls in which sibling embryos were hybridised with GATA-2 sense probes gave no staining. a, anterior; d, dorsal; p, posterior; v, ventral; yp. yolk plug. Keller, 1991) illustrating the positions of the 1OOpm thick, serial transverse sections of a mid-gastrula embryo (B-D). Prospective tissues shown are notochord (red), somitic mesoderm (orange) and migrating mesoderm at the leading edge of the mesodermal mantle (yellow). Strong staining in ventral ectoderm defines dorsoventral orientation (Walmsley et al, 1994) . (B) Only the leading edge of the dorsal mesoderm has migrated far enough to reach the level of the most anterior section where it is found to express GATA-2 (arrowheads). (D) Mesodermal expression in the most posterior section is found in the leading edge of the ventral mesoderm (arrowheads), but not in the somitic and notochordal mesoderm present dorsally. (C) In the section between these two, expression is detected in the leading edge of the lateral mesoderm (arrowheads), but not ventrally where there is no mesoderm or dorsally where somitic and notochordal mesoderm are found. (E) Parasaggital section, revealing GATA-2 expression in the leading edges of the dorsal and ventral mesoderm (small arrows and arrowheads, respectively) as well as the ectoderm. The dorsal lip is indicated by a long arrow. (F) Later, at stage 12.5, a parasaggital section reveals that the strong mesodermal expression detected earlier in gastrulation is now restricted to the dorsal anterior mesoderm of the prechorda1 plate (arrowhead). a, anterior; p, posterior; d, dorsal; v, ventral; yp, yolk plug. 5C ). Some cells were also seen to migrate to positions around the neural tube (e.g. double vertical arrowheads, Fig. SC) , which may represent cells of the embryonic blood, since cells are detected in this region by the Xenopus leukocyte-specific antibody, XL-1 (Ohinata et al., 1989) .
In the 12 chimaeric embryos analysed in this way, 75 GATA-Zexpressing cells were detected between the VBI and DLP. None of these were derived from the transplanted, fluorescent ventral region (e.g. small arrowheads, Fig. 5D,E) . Furthermore, although 4/12 embryos had a single, transplant-derived cell in the GATA-Zpositive region of the DLP (e.g. large arrowhead with GATA-2 expression being delineated by small arrowheads, Fig.  5B,C) , the overwhelming majority of GATA-Zexpressing cells in the DLP were not derived from the transplanted ventral region (e.g. entire right DLP mesoderm and majority of left DLP mesoderm, Fig. 5B,C) . Therefore, the GATA-Zpositive cells detected between the VBI and DLP (Fig. lF-H) are not migrating out from the VBI and the GATA-2-expressing cells of the DLP are not, for the most part, derived from the VBI after stage 14. One possible identity for the GATA-Zexpressing cells between the VBI and DLP is neural crest, migrating to the branchial arches or eye mesenchyme, for instance, where GATA-2 is later expressed.
shown expression to be predominantly ventral by stage 22 (Zhang and Evans, 1994) and expression in the VBI has been demonstrated by whole mount in situ hybridisation at stage 32 (Kelley et al., 1994) . Using an improved whole mount protocol (Barth and Ivarie, 1994) , we have detected GATA-1 expression in the VBI mesoderm from stage 23/24 (Fig. 6B) . Expression is first observed in the 'V' shape characteristic of the VBI and then spreads posteriorly ( Fig. 6C-E) , as found for GATA-2 and globin ( Fig. 1) (Walmsley et al., 1994) . A section through the arms of the 'V' in a stage 25/26 embryo shows that expression is in the mesoderm (Fig. 6G-H) . Thus, erythroid differentiation in the VBI resembles adult erythropoiesis in mammals, with expression of GATA-2 first (stage 19; Walmsley et al., 1994) , then GATA-1 (stage 23/24; this study), and finally globin (stage 24/25; Walmsley et al., 1994) .
No GATA-1 expression was observed in the other haematopoietic compartment, the DLP, at the stages investigated (15-32), either in whole embryos ( Fig. 6A-E ) or on sections ( Fig. 6G-H) . Thus, in contrast to those in the VBI, the GATA-2-positive cells in the DLP do not differentiate to the GATA-l-expressing stage before the onset of circulation. Their differentiation will presumably depend on subsequent exposure to the appropriate microenvironment provided by the kidney or the liver.
GATA-1 is expressed in the VBl but not in the DLP
RA reduces globin expression but not haematopoietic tissue in Xenopus embryos
Expression of GATA-1 mRNA has been detected in One approach to a better understanding of blood forXenopus embryos as early as gastrula stages by reverse mation in the embryo is to determine the effects of putatranscription-polymerase chain reaction (RT-PCR) and tive embryonic signalling molecules on the expression of Northern blots (Zon et al., 1991; Zhang and Evans, 1994) , haematopoietic genes. We have already shown, for inbut this could represent low level background expression stance, that both GATA-2 and globin are down-regulated (Rupp and Weintraub, 1991) . RT-PCR of explants has dorsally by the dorsalising and neural-inducing molecule, Fig. 3 . GATA-2 is expressed in the DLP mesoderm and in a population of possibly migratory cells. (A-F) Vibrotome, transverse sections (1OOpm thick) through a stage 27/28 embryo, which has previously been probed by whole mount in-situ hybridisation for GATA-2 transcripts. The approximate positions of the sections within the embryo are shown by reference to a whole mount of the same stage (G). The sections reveal that the GATA-2 expression observed in the DLP of whole mounts (G, arrow), localises to the mesoderm (D,F, arrows). The GATA-2-expressing cells seen in whole mounts that appear to be migrating (G, arrowheads) are also found in the mesoderm (D, arrowheads), where they may be in transit between the VBI and the DLP. At this stage, GATA-2 tmnsctipts are also localised to the mesenchyme above the eye (A,B), the ventral midbrain (A,B), the ventral hindbrain (C), and the spinal cord (F). a, anterior; d, dorsal; e, eye; n, notochord; v, ventral. embryos probed for GATA-2 (A-D), GATA-3 (E-H), or both GATA-2 and GATA-3 (I-L) by whole mount in situ hybridisation (A,C,E,G,I,K) and 1OOpm thick (B,D,F,H,J) or 75 pm thick (L) transverse vibrotome sections of whole mounts. At stage 24/25, embryos probed for GATA-2 and GATA-3 messages do not have DLP staining that is wider dorsoventrally or longer anteroposteriorly than embryos probed for either GATA-2 or GATA-3 mRNA alone (arrowheads, A,E,I). Sections reveal that GATA-2 (arrowhead, B) and GATA-3 (arrowheads, F) are both expressed in the same, outer layer of the mesoderm and confirm that DLP staining is no wider dorsoventrally in embryos probed for both GATA-2 and GATA-3 (arrowheads, (J)). At stage 27/28, comparison of embryos probed for GATA-2 (C) and embryos probed for GATA-3 (G) reveals that DLP staining (arrowheads) for GATA-2 extends more posteriorly than for GATA-3 and that GATA-2 expression in the anterior DLP is now very low. Embryos probed for both GATA-2 and GATA-3 mRNA (K), when compared to those probed for GATA-2 or GATA-3 alone, indicate that in the anterior DLP, GATA-2 and GATA-3 are expressed at the same dorsoventral position. Transverse vibrotome sections of whole mounts probed for GATA-2 (D) or GATA-3 (H) mRNA reveal that their expression in the DLP (arrowheads) is confined to the outer layer of the mesoderm. (L) 75pm thick transverse vibrotome section of a whole mount probed for GATA-2 (purple) and GATA-3 (tuquoise) indicating that the expression of GATA-2 and GATA-3 overlap in the DLP (only visible on right side due to the patchy expression of GATA-2 in the DLP). Whole mounts are oriented anterior to the left and dorsal up, sections are oriented dorsal up. n, notochord. noggin (Walmsley et al., 1994) . RA is a putative signalling molecule that affects A/P patterning and has been shown by Northern analysis to reduce globin transcription in Xeraopus embryos treated during early gastrulation (Sive and Cheng, 1991) . We have confirmed this effect by whole mount in situ hybridisation using the embryonic globin, aT4, as a probe. All control embryos stained very strongly in the VBI (Fig. 7A) , whereas no globin-positive cells were observed in 60% of RA-treated embryos (Fig.  7B, it = 17) . The remainder exhibited weak expression confined to a smaller ventral domain (Fig. 7C) . This reduction in globin expression could be an effect on the formation of blood mesoderm or, alternatively, an effect on erythroid differentiation. To distinguish between these possibilities, we analysed how RA treatment influenced the transcription of GATA-2.
The majority of tailbud embryos treated with RA during gastrulation expressed GATA-2 normally in the VBI (81%, n = 53; Fig. 8 , compare A with B). The absence of an effect was confirmed by RNase protection: when normalised to EF-la, little difference was observed in GATA-2 RNA levels present in ventral tissue removed from treated or control embryos at the tailbud stage (Fig.  SF) . RA treatment was shown to be effective by the presence of anterior truncations and decreased globin levels in later embryos (Fig. 7B,C) . Additional confirmation that RA has little effect on GATA-2 expression in the ventral mesoderm was provided by RNase protection analysis of explants removed from early gastrulae and cultured to GATA-2 and globin-expressing stages. GATA-2 RNA levels in cultured ventral marginal zone (VMZ) explants were essentially unaffected by RA treatment, when normalised to the EF-la loading control (Fig. SC , + lanes compared to -lanes), whilst globin mRNA levels were reduced (Fig. SC) . We therefore conclude that RA treatment does not reduce GATA-2 expression in the VBI.
When assayed by whole mount in situ hybridisation, GATA-2 expression in the DLP mesoderm w_as also unaffected in the majority of RA-treated embryos (72%, n = 53; Fig. SD,E) . This was confirmed by RNase protection analysis of dorsal explants (Fig. SF) . At these tailbud stages, GATA-2 expression is very weak in the neural tube, and therefore the signal in the dorsal explant derives predominantly from the DLP mesoderm. Thus, GATA-2 expression in both haematopoietic compartments, the VBI and the DLP, is maintained in RA-treated embryos, in contrast to the reduction in globin production. The maintenance of GATA-2 expression in the DLP of RA-treated embryos is consistent with studies of GATA-3 (which is expressed in the DLP but not the VBI of Xenopus embryos) since expression of GATA-3 in the DLP is unaffected by RA treatment (Read and Patient, unpublished observations). We therefore conclude that the reduction in globin mRNA does not reflect a loss of haematopoietic tissue caused by disrupted A/P patterning of the mesoderm. Rather, the effect appears to be on erythroid differentiation itself.
RA reduces GATA-I expression in the VBI
To identify more precisely at what stage of erythropoietic differentiation RA was acting, we investigated the expression of GATA-1 in treated embryos. GATA-1 is expressed after GATA-2 but before globin in the haematopoietic programme. Control and RA-treated embryos were fixed at stage 32 and hybridised to probes for GATA-1 RNA. Most treated embryos showed a complete absence of GATA-1 staining (79%, n = 19; Fig. 6F , sibling of and processed alongside the untreated embryo in Fig. 6E ). Thus, treatment with RA during late blastula and early gastrula stages, when the blood is being specified, perturbs embryonic haematopoiesis at a point between GATA-2 expression and the high levels of GATA-1 expression associated with the terminal differentiation of the erythroid and other myeloid lineages.
Discussion
GATA-2 expression in the gastrulating mesoderm
In Xenopus, the ventral mesoderm is thought to be specified for embryonic erythropoiesis during gastrulation (Maeno et al., 1992 (Maeno et al., , 1994 . Therefore, expression of GATA-2 in the ventral mesoderm at this time could have a role in the earliest events of embryonic haematopoiesis. This role is unlikely to be in the commitment of ventral mesoderm to haematopoiesis as in transgenic GATA-2 (-/-) mice, normal primitive erythroid cells are still present. However, the numbers of such cells are reduced three-fold, implying a role for GATA-2 in the regulation of survival or proliferation in the haematopietic lineages (Tsai et al., 1994) . Consistent with such a role, recent evidence implicates GATA-2 in the response pathways to the haematopoietic growth factors, kit ligand/SCF and IL-3 (Tsai et al., 1994; Towatari et al., 1995) . Thus, expression of GATA-2 could be indicative of the growth factor responsiveness of the early haematopoietic tissue. The dynamic nature of this expression in the ventral mesoderm, being detected during early-mid gastrula then undetectable until late neurula stages, may therefore reflect fluctuations in the growth factor responsiveness of the developing haematopoietic tissue.
The role of GATA-2 expression in the rest of the leading edge of the gastrulating mesoderm is less clear. The dorsal and dorsolateral parts are fated to give rise to the head and heart mesoderm, respectively. Abnormalities in these regions have not been reported in GATA-2 (-I-) mouse embryos (Tsai et al., 1994) , therefore the role of GATA-2 in these tissues does not appear to be essential.
GALA-2 expression in the DLP mesoderm
In Xenopus, transplantation studies of early tailbud (stage 22-23) embryos have led to the conclusion that whilst the embryonic blood is derived exclusively from the ventral mesoderm, the adult blood arises from the mesoderm of both the VBI and DLP (Maeno et al., 1985a) . Studies in the mouse and chick support the existence of two haematopoietic compartments, an intraembryonic one, analogous to the Xenopus DLP, that contributes to the adult blood and an extra-embryonic one, analogous to the VBI, that contributes to the embryonic blood (Dieterlen-Lievre, 1975; Dieterlen-Lievre and Martin, 1981; Godin et al., 1993; Medvinsky et al., 1993; Muller et al., 1994) . Our observation of the expression of two genes associated with haematopoiesis in the DLP region thus provides support at the molecular level for the transplantation studies in Xenopus.
Although the origin of the embryonic blood is well established, the origin of the adult blood is still controversial. The key question is whether the embryonic and adult blood have common or separate origins. Studies in mouse, chick and frog embryos have identified two haematopoietic compartments, but the relationship between them is unclear (Moore and Metcalf, 1970; DieterlenLievre, 1975; Beaupain et al,, 1979; Dieterlen-Lievre and Martin, 1981; Maeno et al., 1985a; Medvinsky et al., 1993; Muller et al., 1994) . The controversy centres on the origins of the intra-embryonic compartment (DLP in Xenopus) that gives rise to the adult blood. Two possibilities are that either haematopoietic cells have migrated to the DLP from the yolk sac (VBI), or have arisen there de novo. Our in situ hybridisation studies reveal GATA-2-expressing cells in the mesoderm between the VBI and DLP at tailbud stages which could have been haematopoietic cells migrating between these two sites. However, our combined transplant and in situ hybridisation study indicates that these GATA-Zpositive cells between the VBI and DLP are not derived from the early neurula VBI. Furthermore, the overwhelming majority of GATA-2-expressing cells in the DLP mesoderm are not derived from the early neurula VBI. Therefore, assuming the GATA-Zpositive cells in the DLP are haematopoietic progenitors, this study indicates either that they arose there de novo or that they migrated there before the early neurula stage.
RA and haematopoiesis
Ventral mesodermal expression of GATA-2 is unaffected by RA treatment. Therefore, the effect of RA on globin expression is unlikely to be due to an alteration of mesodermal patterning leading to an absence of haematopoietic tissue. Rather, an effect on erythroid differentiation of the haematopoietic tissue is suggested. The reduction of GATA-1 expression by RA treatment indicates that this perturbation of erythiopoiesis occurs at a point earlier than globin expression. RA has recently been shown to inhibit GATA-1 expression in purified, human adult haematopoietic progenitor cells (HPCs) cultured under conditions that normally result in unilineage erythroid differentiation and high levels of GATA-1 transcrip- tion (Labbaye et al., 1994) . This RA-mediated inhibition of GATA-1 was accompanied by a dramatic shift from erythroid to granulomonocytic colony formation. RA treatment could be acting to reduce GATA-1 and globin expression in Xenopus embryos in a similar way, forcing haematopoietic cells to differentiate into granulomonocytic lineages rather than the erythroid lineage.
A possible target for RA in the cell culture experiments is the GATA-1 gene itself, which contains a negatively acting hormone response element (HRE) capable of binding RARa and /I proteins (Trainor et al., 1995) . An RA-induced reduction of GATA-1 would be expected to have profound effects on erythroid differentiation as GATA-1 is essential for this process (Pevny et al., 1991) . However, if the inhibition of GATA-1 and globin expression in Xenopus embryos does result from a direct repression of GATA-1, it would have to be initiated during gastrulation when the RA was administered, many hours before the high level expression of GATA-1 associated with terminal erythroid differentiation. An alternative possibility is that the RA effects are mediated by Hox genes, which are regulated by RA and, in addition to their well known role in axial specification, appear to be involved in regulating the differentiation of haematopoietic lineages (Simeone et al., 1990; Dekker et al., 1992; Lawrence and Largman, 1992; Takeshita et al., 1993; Care et al., 1994; Giampaolo et al., 1994; Labbaye et al., 1994) .
Whatever the mechanistic explanation, the RA perturbations reported here are of genes expressed in the erythroid lineage. It is interesting to note that the experiments suggesting haematopoietic commitment during gastrulation also used the erythroid marker, globin (Maeno et al., 1992 (Maeno et al., , 1994 . Thus, at least for the erythroid lineage, RA treatment at the time of commitment is inhibitory. The effects on other haematopoietic lineages are unknown but the number of putative multipotential precursors is unaffected, as judged by the unaltered presence of cells expressing GATA-2.
Experimental procedures
I. Embryos, dissections and transplants
Xenopus embryos were obtained by artificial fertilisation as described by Smith and Slack (1983) . They were dejellied in 2% cysteine (pH 7.8) and staged according to Nieuwkoop and Faber (1967) . Dissections and transplants were carried out in 1 X MBS (Gurdon and Wickens, 1983) in Petri dishes coated with 1% agarose. Transplants were performed at stage 14. The ventral regions of unlabelled, host embryos were removed and the ventral regions of fluorescently labelled donors transplanted in their place. Donor embryos were fluorescently labelled by microinjection in 1 X MBS, 3% Ficoll, of 4 nl of 50 mg/ ml rhodamine-labelled, lysine-fixable dextran (Molecular Probes, Oregon) into the animal pole of each cell at the 4-cell stage. To improve the healing of the transplants into their hosts the chimaeric embryos were placed, transplant up, into holes in the agarose and coverslips placed on top.
Retinoic acid treatment
All trans-RA (Sigma) was stored at -20°C as a 0.1 mM stock in DMSO. Dilutions were made into MBS just prior to use. All treatments were with 1 PM RA during stages 9-l 1. Control embryos were treated with 1% DMSO. These control experiments demonstrated that the levels of expression of the various haematopoietic genes measured in this study were unaffected by the presence of 1% DMSO (data not shown).
Whole mount in situ hybridisation
Whole mount in situ hybridisation was performed essentially as described in Harland (1991) but with the following modifications. Embryos were fixed for 1 h at the most during their preparation and were not refixed during pre-hybridisation. Proteinase K was not used for the removal of the vitelline membranes nor during prehybridisation. Embryos were bleached before prehybridisation by incubation in 5% formamide, 0.5 X SSC, 10% H202 for 10 min on a light box, followed by two 5 min washes in PBS Tween. During the posthybridisation washes, CHAPS was excluded, the RNase step was omitted and 0.1% Tween 20 was added to the washes which did not contain formamide. Prior to adding the anti-digoxygenin antibody, embryos were incubated in PBT plus 20% heat-treated lamb serum for 4-5 h. Finally, the chromogenic reaction was performed as described in Barth and Ivarie (1994) . Purple/turquoise double in situ hybridisation was carried out using the double labelling protocol of Knecht et al. (1995) with digoxygenin-labelled GATA-2 probes and fluoroscein-labelled GATA-3 probes. Whole mount in situ hybridisation was performed as for single genes, using BM purple (Boehringer) to visualise the digoxygenin-labelled GATA-2 probes. After this, the embryos were soaked in methanol for 1 h to destroy the alkaline phosphatase activity of the anti-digoxygenin antibody, then incubated with antifluoroscein antibody and finally stained for GATA-3 with X-Phosphate (Boehringer) alone to give a turquoise colour.
Sectioning
Following whole mount in situ hybridisation, embryos were embedded in a gelatin-albumen mix (PBS containing 0.5% gelatin, 11% egg albumen, 20% sucrose) which was set by the addition of 1:lO volume of 25% glutaraldehyde following the protocol* of J.D.W. Clark (pers. comm.). Whole mounts of chimaeric embryos (containing fluorescent transplants) were infiltrated with 12.5% sucrose in PBS and then embedded in 20% gelatin in PBS, which was hardened by immersion in a solution of 3.5% paraformaldehyde, 0.1% glutaraldehyde. Embedded embryos were sectioned using a vibrotome.
RNA isolation
Embryos or explants were snap frozen in liquid nitrogen in a minimum volume of medium and stored at -70°C. RNA was extracted as described by Sambrook et al. (1989) , except that the DNaseI and LiCl steps were omitted. Samples were dissolved in 80% formamide, 0.4 M NaCl, 0.04 M PIPES (pH 6.4), 1 mM EDTA and kept at -70°C until analysis.
In situ hybridisation and RNase protection probes
Whole mount analyses of GATA-2 and aT4 globin transcripts and RNase protections of GATA-2, aT4 globin and EF-la were performed using the same probes as described in Walmsley et al. (1994) . Whole mount analysis of GATA-1 and GATA-3 was performed with riboprobes generated from full length Xenopus GATA-la and GATA-3 cDNA, respectively, essentially as described by Harland (1991) . GATAla cDNA (kind gift of Len Zon) was cloned, in both orientations, into the EcoRI site of pGEM7. These plasmids were cut with XhoI and probes transcribed with Sp6 polymerase to make sense and antisense probes. GATA-3 cDNA was cloned from a stage 17 Xenopus embryo lgtl0 library (Kintner and Melton, 1987) by screening with full length GATA-la cDNA at low stringency. Positive clones were rescreened with a probe from outside the highly conserved zinc finger region in order to exclude GATA-1. GATA-3 clones were identified by comparison with the published Xenopus GATA-3 sequence (Zon et al., 1991) and cloned into the EcoRI site of pGEM7. This plasmid was cut with Hind111 and an anti-sense probe transcribed with T7 polymerase.
